Coherent scattering of neutrinos on nuclei is a well-predicted Standard Model interaction that has so far eluded all experimental attempts to detect it due to its extremely low-energy signature. Detection of coherent neutrino scattering relies on the ability to measure the tiny recoil energy (few keV for reactor neutrinos) of the target nucleus -a challenge that dual-phase noble-element detectors might be able to tackle, as indicated by their successful use in Dark Matter searches. For this reason, we have constructed and started to characterize a small dual-phase Argon detector as a first step toward searching for coherent neutrino-nucleus scattering at a nuclear reactor. This detector will be used to measure a key parameter: the nuclear ionization quench factor in the yet unexplored recoil energy range of few keV and below. After discussing the detector design, we will examine our plans to perform this measurement with two different techniques.
Introduction
From the very beginning, neutrinos have been challenging physicists throughout the world because of their elusiveness and their exciting new properties. Coherent Neutrino-Nucleus Scattering (CNNS) is one of those challenges. While its prediction [1, 2] is undisputed, experimental confirmation of CNNS is still missing. In this process, the neutrino wavelength is such that it interacts with the whole nucleus thus providing a cross section proportional to the square of the total weak charge:
where θ is the scatter angle, G is the Fermi constant, Z and N the number of protons and neutrons in the target nucleus, θ W the weak mixing angle, and E ν the neutrino energy. This uncommonly high cross section for neutrino interactions is counterbalanced by the tiny recoil energies that constitutes the only observable signal of such process. In particular, the nucleus recoils with an energy that is inversely proportional to its atomic mass A. The average recoil energy is
Such small recoil energies (few keV and below) are the reasons why CNNS has not been observed yet.
Aside from validating core elements of the Standard Model, the detection of CNNS has other interesting applications. The interaction is in fact flavor-blind thus allowing to monitor the total neutrino flux in neutrino oscillation experiments and nearby supernova explosions. Its possible application to probe sterile neutrinos has also been considered [3] . Applications in nuclear reactor monitoring seems also attractive [4] . Nuclear reactors are indeed an attractive source of neutrinos for CNNS investigations. They provide a high flux of neutrinos (Φ > 10 12 cm −2 s −1 ) with energies up to about ∼ 10 MeV. Moreover, for various reactor designs, relative measurements and background characterization are possible when the reactor is off for refueling. The expected event rates from CNNS at 25 m away from a 3-GWt reactor core with typical fuel mix can be computed by convolving the reactor neutrino spectrum [5] with the CNNS cross-section given in Eq. (1) . While the recoil spectrum extends up to ∼ 6 keVr, the average recoil energy over the entire spectrum is only 243 eVr for neutrinos from 235 U and 207 eVr for 239 Pu. In the location setup considered before, about 56 interactions/(kg day) are calculated for CNNS off Argon nuclei. This is about ten times more than the interaction rate produced by inverse beta-decay on a kg of CH 2 .
Dual-phase Ionization Detectors for CNNS and the Nuclear Ionization Quench Factor
Since low energy recoils constitute the signal also for Dark Matter experiment, it was natural to look into which of the technology of that field could be suited for CNNS detection. One of the most extensively used techniques in the field is that of dual-phase detectors based on noble gases. For this kind of detectors, low thresholds have been demonstrated [6] . Moreover, the high density of the liquid phase of a noble gas allows for large target masses with low footprint.
The basic operating principles of these detectors are simple. Nuclear recoils following neutrino scattering produce a weak ionization signal in the liquid, which is then transported into the gas region above by means of an electric field. In the gas, the electrons are accelerated to the point where they excite the gas molecules and achieve proportional scintillation that is then detected by photomultiplier tubes.
Xenon and Argon are the most commonly used noble-gases for dual-phase ionization chambers. According to Eq. (1) and (2) Xe has an higher cross-section for CNS than Ar but a lower average recoil energy. This implies that the average number of primary electrons produced in Xe is lower than in Ar. Ar is also economically more attractive than Xe. Argon was therefore selected as the target medium for the experimental program described in this paper.
The ability to detect a low-energy nuclear recoil is related to the amount of primary electrons produced by the recoiling nucleus. Since nuclear recoils are less effective than electrons in producing ionization, the nuclear ionization quench factor is introduced:
While experimental data for this quantity down to 4 keV exists for liquid Xe [7] , to our knowledge no measurement has been performed yet for liquid Ar at the energies of interest for CNNS. In order to estimate the effect of q(E r ) on CNNS in liquid Argon, a Monte Carlo simulation was preliminary performed [4] and is currently being improved, and extended to include the effect of electron recombinations. This work is still in progress but preliminary results show that about 30% of all recoils on Argon from reactor neutrinos produce at least a single primary electron. A measurement of the nuclear ionization quench factor is critical to assess the feasibility of searching for CNNS using ionization detectors. We therefore started an experimental campaign to experimentally measure this quantity.
The GNARRLI Detector
Starting from an earlier experience with a gas ionization detector [8] and from past and current dualphase noble-gas detector for Dark Matter, we designed and constructed the Gamma or Neutron Argon Recoils Resulting in Liquid Ionization (GNARRLI) detector.
Schematic drawings and a picture of the detector are given in Fig. 1 . The primary (liquid) and secondary (gas) regions are defined by a cathode copper ring at negative potential, an intermediate extraction grid just below the liquid level and a grounded SS anode ring. The primary region consists of a cylinder of 2.010" diameter and 2.88" height for a total mass of about 210 g of liquid Ar. A fine SS mesh (50 lines per inch, 0.012" wire dia, 88% open area) is soldered on the cathode and anode rings. The extraction grid is made using SS wires, 0.006" dia, 1mm pitch. Five additional equally spaced copper rings are placed between the cathode and the extraction grid to improve the electric field uniformity in the liquid. The distance between the extraction grid and the anode can be adjusted between 1.3 cm and 3 cm. The field cage is held by 4 support structures made of PEEK.
The electric field in the two regions is adjusted by means of two independent high voltage power supplies connected to the top and bottom copper rings. A 200 MΩ resistor is placed between each field shaping ring while the extraction grid is connected to ground outside the cryostat by means of 100 MΩ resistor. The SS ring is placed at ground potential. The high voltage connections are achieved by bringing the shielded high voltage cables directly into the cryostat using quick-connect fittings. Electric fields up to 1-2 kV/cm in the liquid and up to 8 kV/cm in the gas are possible.
The Argon scintillation light is detected through a 1 mm thick fused silica window by a 2" Hamamatsu R8778 photomultiplier tube, similar to those used in other liquid Xe experiments [9] . A thin layer (1 mg/cm 2 ) of TetraPhenylButadiene (TPB) is evaporated on the silica window to shift the Ar scintillation light from 128 nm to above 400 nm where the quantum efficiency of the photomultiplier is higher.
Liquid below tilt sensor
Liquid above tilt sensor Fig. 2 . Plot of typical cryostat cooldown. Liquid starts forming at the bottom of the dewar a few hours after the start of the cooldown and reaches the level of the extraction grid (where the tilt sensor is also located) after approximately 13 hours.
As show in the model in Fig. 1(right) , the detector is mounted at the bottom of a cryogenic dewar. A SS collar is located between the dewar and the top flange to provide the necessary feed-throughs for gas inlet and outlet, electrical connections, and gauges. Argon is liquefied in place on a copper condenser attached to the cold-tip of a commercial pulse-tube cryocooler. The cryocooler provides ∼ 20 W of cooling power at 87 K. The condenser is insulated from the room temperature of the collar by means of a vacuum jacket. The vacuum jacket also reduces and controls the convection of the gas inside the cryostat. A tube connected at the bottom of the vacuum jacket guides the liquid Ar down at the bottom of the dewar. The dewar and all the support instrumentations are set up on a compact movable cart to allow easy transportation to experimental sites outside of the laboratory.
The liquid level is monitored by a high-temperature superconducting tape [10] . Four parallel-plate capacitors are also established between two rings placed just above the extraction grid. By monitoring the capacitance values, the position of the liquid and its tilt with respect to the detector can be accurately determined (see Fig. 2 ).
The Argon volume inside the cryostat is continuously circulated through room temperature gas purifier (SAES MC1500-903V). The Argon is pumped from the cryostat through a PTFE tube that reaches below the liquid surface. A heater mounted inside this tube can be used to increase the rate of liquid boil-off.
A typical cooldown is shown in Fig. 2 . The cooldown and liquefaction can be performed automatically overnight using a custom-developed slow-control system which monitors and adjusts gas flow, pressure and temperatures. Once stable conditions has been reached, the temperature of the Argon condenser is kept stable within ±0.05 K by means of a PID controlled heater. As a consequence, the pressure inside the cryostat is stable within ±1 torr.
The assembly of the detector was recently completed and we are currently performing the initial characterization of its operation. A sample event produced by a Compton scattering of an external gamma source is shown in Fig. 3 . The prompt scintillation light (S1 light) is recorded as a short burst of light. A few μs later, once the electron has drifted from the interaction site to the liquid surface, the secondary scintillation light (S2 light) is observed. The S2 light has a typical shape where, to a first approximation, the rise time is given the drift time of the electron across the secondary region while the exponential decay is due to the Argon triplet excimers life-time. We have verified that the rise time of our events agrees with that expected from the drift speed at the operating electric field and pressure. Moreover, the exponential decay time matches the expected lifetime of the Argon triplet excimers in gas [11] .
Commissioning of the detector will follow in the next months. To demonstrate the required Argon purity we will use an external 241 Am source collimated at different heights in the liquid volume. In order to calibrate the detector at low-energy electron recoils, a small amount of 37 Ar will be injected in the cryostat. 37 Ar primarily decays by K-shell electron capture with a total energy of 2.8 keV [12] . Once the performances Fig. 3 . A representative event from a 57 Co gamma source. The prompt scintillation light (S1) and the secondary scintillation (S2) are labeled. The rise time of the pulse (∼ 2 μs) agrees with the expected drift time from the calculated drift speed of electrons in gas. The exponential fit on the pulse decay also matches well with the expected decay time from the Ar triplets life-time, τ = 3.2μs [11] . The small spikes toward the end of the event are single photoelectrons.
of the detector have been assessed and optimized, we will proceed to measure the nuclear ionization quench factor.
Planned Nuclear Ionization Measurements
As discussed before, the first step toward detection of CNNS with dual-phase ionization detectors requires the experimental measurement of the nuclear ionization quench factor q(E r ), Eq. (3). We aim at performing the measurement in two stages.
Our first method consists in measuring the recoil energy on 40 Ar induced by elastically scattered neutrons. Neutrons will be produced using the 7 Li(p,n) 7 Be reaction at the Lawrence Livermore National Laboratory's (LLNL) Center for Accelerated Mass Spectrometry (CAMS). Protons of 1.93 MeV energy will strike on a thick Lithium target producing neutrons with a broad energy spectrum [13] . The Argon-neutron cross sections has a large resonance around 80 keV thus most of the interactions will localize to this resonance producing a recoil spectra that is nearly flat, with an end-point energy of ∼ 8 keVr. The actual neutron spectrum depends on the angle between the proton beam and the detector, as shown in Fig. 4 (left) for onaxis and 46 degrees off-axis. Optimization of the angular position of the detector with respect to the beam is ongoing. The off-axis position reduces the contribution of multiple scatterings to the recoil spectrum, as simulated in Fig. 4(right) . At the same time, the rate of low-energy scatterings increases, thus making it more difficult to distinguish the shoulder feature in the spectrum when the quench factor and the detector resolution are folded in. Other simulations work in preparation for this measurement includes the study of neutron collimation, the detector shielding and the expected rates for signal and background.
Two different background runs will be performed, varying the proton energy. The first will use a proton energy just below the 1.88 MeV neutron-generation threshold [13] . At this energy, only 7 Li(p,p') 7 Li gamma rays should be emitted, which will also be present when running at 1.93 MeV. The second background run is with the proton energy set so that the maximum neutron energy is just below the 40 Ar resonance value. This will allow us to characterize the background from the neutron capture gamma rays in the detector and surrounding materials.
In our second approach to measure the nuclear ionization quench factor an incoming γ-ray of proper energy is absorbed with high cross-section by 40 Ar in a narrow Nuclear Resonance Fluorescence (NRF) process. The nucleus will quickly reemit the gamma with about the same energy. By measuring the angle of NRF emission with gamma-tagging detectors, the total energy transferred to the 40 Ar nucleus can be calculated by simple kinematics. The nuclear ionization quench factor at a given energy is then extracted by comparing this computed value with the recoil energy measured by the detector. This method was proposed by one of the authors in [15] . We have been awarded 60 hours of beam time at the High Intensity Gammaray Source (HIGS) to perform this measurement. The GNARRLI detector will need to be optimized for this specific measurement. Among other things we plan to reduce the primary region volume and displace the inactive Argon on the beam path. A set of 6 NaI(Tl) detectors will be added to tag the resonant gammas emitted at 30, 90 and 150 degrees, thus allowing us to probe an energy range of measured nuclear ionization quench factors between 90eVr and 4500 eVr.
Conclusions
We developed and started to characterize a small dual-phase Argon ionization detector aimed at measuring the nuclear ionization quench factor q(E r ) at low energies. The measurement of this quantity is critical to assess the feasibility of this technique for the detection of Coherent Neutrino-Nucleus Scattering at a nuclear reactor. A detailed plan is being finalized to initially measure q(E r ) using neutrons and later with gammas, probing nuclear recoils in a yet unexplored energy range for Argon. Upon successful results of this experimental campaign, a larger 10-kg liquid Argon detector will be designed to be deployed at a nuclear power plant. Such a detector could observe few hundred events/day from CNNS interactions and, if the neutrino signal follows reactor outages, would provide the first observation ever of this process.
